This paper estimates the role that technological change and car characteristics have played in the rate of fuel consumption of vehicles over time. Using data from the Spanish car market from 1988 to 2013, we estimate a reduced form equation that relates fuel consumption with a set of car characteristics. The results for the sales-weighted sample of vehicles show that energy efficiency would have improved by 30% and 42% for petrol and diesel cars respectively had car characteristics been held constant at 1988 values. However, the shift to bigger and more fuel-consuming cars reduced the gains from technological progress. Additionally, using the results of the fuel equation we show that, besides a natural growth rate of 1.1%, technological progress is affected by both the international price of oil and the adoption of mandatory emission standards. Moreover, according to our estimations, a 1% growth in GDP would modify car characteristics in such a way that fuel consumption would increase by around 0.23% for petrol cars and 0.35% for diesel cars.
Introduction
Technological advances have brought about a continuous improvement in the fuel economy of vehicles over time. At the same time, car manufacturers have used more powerful engines in order to satisfy consumers' preferences for bigger and faster cars. As a consequence, the potential efficiency gains from technological progress have been partially offset by a shift to more fuel-consuming vehicles. A clear example of this is the increasing penetration of four-wheel drive vehicles in the composition of the passenger car fleet. Recently, due to concerns regarding environment and energy dependence, a number of countries have adopted mandatory limits for fuel consumption or CO 2 emissions of new registered cars 1 . For instance, this is the case of the regulation adopted by the European Union in 2009 (EC, nº 443/2009) which set a CO 2 emission target of 130 g CO 2 /km to be met by 2015. This policy has forced car manufacturers to take additional actions to further increase the efficiency in fuel consumption.
The aim of our work is twofold. In the first stage, we estimate the role that technological change and car characteristics have played in the observed rate of fuel consumption of new registered cars over time. Using data from the Spanish car market from 1988 to 2013, we estimate a reduced form equation that relates fuel consumption with a set of explanatory variables, among them, car characteristics. We run separate estimations for petrol and diesel cars. From the estimated equations, we construct an index of technological progress and an index of the contribution of changes in car characteristics to fuel consumption for the sales-weighted sample of cars. The indexes show that energy efficiency would have improved by 30% and 42% for petrol and diesel cars respectively had the weight and engine size been held constant at 1988 values. However, the shift to bigger and more fuel-consuming cars reduced the gains from technological progress, mainly for diesel cars. It is important to note that since 2008 the car characteristics of new registered cars have moved in the opposite direction, mainly as a reaction by Spanish households to a severe economic crisis. Additionally, we provide evidence on the trade-off between fuel consumption and car characteristics -weight and engine size-as well as on the differentiated impact of four-wheel drive and similar types of vehicles. The results are robust to the assumptions made with respect to the specification of technological change.
In the second stage, we use the results of the fuel equation to regress the estimated technological change and the estimated contribution of car characteristics to fuel consumption with respect to its main determinants. The results show that, besides a natural growth rate of around 1.1%, technological progress is affected by both the international price of oil and the adoption of mandatory emission standards.
Moreover, the GDP appears as the main determinant of car characteristics. According to our estimations, a 1% growth in GDP would modify car characteristics in such a way that fuel consumption would increase by around 0.23% for petrol cars and 0.35% for diesel cars.
There is a large and growing body of literature that analyses the changes in the fuel economy of cars from different perspectives. Firstly, there is a line of research that focuses on the analysis of consumer preferences for fuel efficiency and car characteristics 2 . A second line of research aims at studying how technology has contributed to improving fuel efficiency as well as the technical trade-off between energy efficiency and other car characteristics. Related to this second line, there are a growing number of papers which, using different methodologies, investigate the response of the car industry to the adoption of new fuel economy standards 3 .
Our work relates to those by Newell, Jaffe and Stavins (1999) and Knitell (2011) which provide an adequate framework for estimating the role that technological progress and product characteristics have played in the energy consumption of energy-using products. Knitell (2011) uses a reduced form equation to model fuel economy as a function of car characteristics using US data. His results reveal that if weight, horsepower, and torque were maintained at their 1980 levels, fuel economy could have increased by 58% between 1980 and 2006. He also finds that the rate of technological progress is correlated with the real gasoline price and the percentage change in the United States Corporate Average Fuel Efficiency (CAFE) standards 4 .
Moreover, he uses his estimates to discuss the strategies available to achieve the most recent CAFE standards adopted in US. Recently, there has been a growing amount of research focused on evaluating the response of car manufacturers to public policies aimed at reducing fuel consumption and/or CO 2 emissions from passenger cars. Bento et al. (2015) , using a sample of vehicles sold in the US market between 1975 and 2011, investigate how historical changes in the fuel economy standards impacted technological innovation in the automobile industry and estimate the changes in the rate of innovation in response to the changes in the standards. Reynaert (2015) evaluates the effect of emission standards on the European car market using panel The contributions of this paper to the literature can be summarized as follows. Firstly, we propose a methodology that makes it possible to decompose the changes observed in fuel consumption into two components: technological progress and vehicle characteristics. Secondly, we do so for a period of time long enough to account for two economic and oil price cycles. Thirdly, we report significant differences between petrol and diesel cars regarding both technological progress and car characteristics. Finally, we provide an estimation of the elasticities of technological progress and changes in car characteristics with respect to their main determinants.
After this introduction, the paper is organised as follows. Section 2 describes the data, section 3 discusses the methodology and empirical approach, section 4 discusses the econometric approaches, section 5 provides the estimation results and findings related to the changes in fuel efficiency, section 6 estimates the main determinants of technological progress and changes in car characteristics. Finally, section 7 concludes the paper.
Data
The data set contains a panel of new car models sold in the Spanish market from 1988 to 2013. We collect data for all models available in each of these 26 years, except for those with very low sales 7 . Our sample represents at least 95% of total registrations in a given year. Sales are only available at model level so our unit of analysis is car model and the vehicle characteristics refer to the mid-range version of the model for each year. Our analysis distinguishes between petrol and diesel cars. This distinction is important since the share of new registered diesel cars rose from 15% in 1988 to almost 70% at the end of the period. On the contrary, we do not consider hybrid vehicles since the sales of this type of vehicles were not significant until the final years 5 The paper by Reynaert (2015) also evaluates the welfare effects of the European regulation by estimating a structural model. 6 Klier and Linn (2015) extend previous analysis by matching engine data to vehicle model production data. Additionally, they estimate separate frontiers by engine, model and model-year. 7 We exclude models with less than 1000 units sold in a given year.
of our sample 8 . The sample includes only cars with manual transmission. The final data contains 4,842 observations.
The characteristics and fuel consumption of the car models are obtained from specialized magazines. It is important to note that the data on fuel consumption corresponds to the data reported by the manufacturers. In other words, the results are obtained in laboratory conditions. However, some studies argue that the improvements reported via laboratory tests are not a reliable match for everyday driving. For instance, Tietge et al. (2015) maintain that not only is there no such match, but also that the gap between the laboratory-tested vehicle emissions and the real world on the road is widening. An increasing discrepancy between laboratory and everyday figures over time would certainly affect our results. If this occurred, the estimated fuel consumption improvement would be overstated. However, the magnitude of this effect is difficult to ascertain. The lack of a standard definition of real-world driving conditions means that the results of fuel consumption will depend on the specific circumstances of each measurement. Hence, we acknowledge that the technical change estimated for recent years in the sample can be upward biased, although the full magnitude of this effect cannot be determined for certain. Table 1 provides the summary statistics for the main car characteristics for the years 1988 and 2013. We report data referring both to the average across vehicles in the sample and the weighted average according to sales. Fuel consumption is measured as a weighted average of urban and interurban consumption and has been calculated in a homogenous way over time. The main car characteristics included in the equation are vehicle engine size (displacement, specified in cc) and curb weight (the weight of the vehicle unloaded). Although in the preliminary estimations horsepower was included as a car characteristic, multicollinearity problems prevented including both horsepower and engine size in the estimated equation.
Regarding the dependent variable, we observe large differences in fuel consumption between 1988 and 2013. The unweighted figures show that litres of fuel per kilometre for petrol-powered cars decreased by 22%, while diesel cars showed a higher gain in efficiency with a fall of 32%. The percentage changes for the sales-weighted sample were very similar. Looking at the evolution over time, Figure 1 shows that fuel consumption remains almost constant until 1995 and from that point on there is a clear and continuous improvement in fuel efficiency. It subsequently falls sharply from 2007. The pattern is similar for diesel and petrol cars; however, on average, the drop is higher for diesel than for petrol cars. Besides, the drop for the average of both kinds of cars is even higher due to the constant replacement of petrol for diesel cars. This replacement can also be observed in the fact that the trend for average consumption becomes increasingly similar to that of diesel cars. Regarding the weighted figures, we also observe a decreasing trend in fuel consumption, although it is a bit more irregular. One of the main determinants of fuel consumption is car weight. Table 1 shows that between the first and the last year in the sample average car weight increased by 31% for petrol cars and 26% for diesel cars; when cars are weighted by sales the rise is around 30% for both types of cars. Looking at Figure 2 , it can be observed that weight increased steadily until 2007, but then tended to level off for petrol cars and decreased sharply for diesel cars. The pattern followed by the sales-weighted figures mitigates the fall of car weight for diesel cars and, otherwise, accentuates the slowdown for petrol cars. Overall, weight is flat from 2007. The sharp decline for diesel cars in the unweighted sample is explained by the drop in sales of four-wheel drive vehicles as a consequence of the economic crisis.
The improvements in fuel efficiency together with the increase in car weight suggest that the technological progress has had a significant impact on the car industry. To illustrate this, Figure Moreover, we observe that engine size falls by roughly 4.4% for petrol cars and 10% for diesel cars between the first and the last year in the sample. Nonetheless, Figure Finally, a major feature in the composition of the Spanish vehicle fleet is the increasing presence of FWD, SUV and Minivan vehicles. Table 1 reports the percentage of new car registrations corresponding to these types of vehicles. In 2013, FWD and SUVs represented 23% of the sample of new petrol cars and 24% of diesel cars. However, weighting by total sales, the percentage for petrol cars falls to 9.2%, whereas for diesel cars it remains approximately the same. It should be noted that in the last years of the sample, big SUV vehicles have been replaced by smaller more efficient SUV models.
Methodology and empirical specification
Engineering studies show that there is a trade-off between some car attributes, such as weight or engine power, and fuel consumption. Based on this trade-off, Knitell (2011) develops a framework that makes it possible to estimate the technological improvements in fuel consumption over time. Specifically, he assumes a marginal cost function for producing vehicles that is additive separable in the car attributes related to fuel consumption and the other car characteristics. Holding marginal production costs constant, fuel consumption can be expressed as a function of car attributes. In this regard, Knitell (2011) specifies a reduced form equation with fuel consumption being a function of product characteristics. If it is assumed that technological progress is input neutral, the equation to be estimated is:
Where f it is fuel consumption, measured as litre per kilometre. T t are the time-fixed effects that capture the technological progress. X it is a vector of car attributes related to fuel consumption. u it is the error term. i and t refer to car model and time period, respectively.
Knitell (2011) himself points out as a drawback of this formulation that omitting expenditures on technology from the empirical model may bias the results. If firms have increased or reduced expenditures on technology, the time-fixed effects will reflect both technological progress and the change in the amount spent on these technologies over time. However, this does not affect our results as long as we interpret the estimated coefficients as capturing both types of effects.
Regarding the empirical specification, the first issue is to select the set of car attributes that are related to fuel consumption. Following the literature, fuel consumption is mainly related to car weight and engine power. So the first variables to consider were curb weight, engine size (measured as engine displacement in cc) and horsepower. As explained in section 2, the high level of correlation between displacement and horsepower prevented us from including both variables in the equation. Based on the goodness of fit we selected engine size as the explanatory variable, although similar results were obtained when horsepower was used. Certainly, along with engine technology, there are other factors -such as advances in transmission, low rolling resistance of tyres, combustion improvement and advances in aerodynamics-which contribute to the improvement of fuel efficiency 10 . Including additional attributes in the equation depends on the set of characteristics we want to make conditional inference. Our approach has been to restrict the car characteristics to weight and engine size. Therefore, our results show how much more efficient a car is in 2013 compared with a car bought in 1988 with the same weight and engine size. The timefixed effect coefficients absorb improvements in engine technology as well as any other technological changes addressed to reduce fuel consumption.
Nonetheless, a second model specification includes a set of dummy variables to account for different classes of vehicles. Since our sample includes vehicles that can serve different purposes it might be interesting to quantify improvements in fuel efficiency conditional on the type of vehicle. Specifically, we distinguish between passenger cars, FWD, SUVs and Minivans. We divide SUVs into two categories: small, compact and medium SUVs (SUV_1) and full-size SUVs (SUV_2). As a second separate vehicle category, we include Minivan vehicles divided into two categories: small and compact (Minivan_1) and full size (Minivan_2). Finally, we include manufacturer fixed effects to capture unobservable attributes related to fuel efficiency that are constant across car manufacturers.
We assume a Cobb-Douglas functional form where all continuous variables have been transformed taking logs 11 :
Where f it is fuel consumption. T t are the time-fixed effects that capture technological change. X it is a vector of car attributes related to fuel consumption. Z it is a vector of dummy variables including the type of vehicle and car manufacturers. β, γ are the parameters to be estimated. u it is the error term.
We estimate separate equations for diesel and petrol cars to account for different technologies. The hypothesis of equal coefficients for the characteristics was clearly rejected by the data 12 .
Estimation approaches
As a first alternative, we estimate equation (2) under the assumption that the trade-off coefficients between fuel consumption and car characteristics are constant over time. This pooled equation includes a set of annual dummy variables that capture the technological change year by year. The estimated coefficients for such variables can be interpreted as the average change in fuel consumption across all vehicles in the sample due to technological change.
Alternatively, we use a second approach consisting of estimating single year equations. This alternative allows for the variation of the coefficients year by year and hence relaxes the assumption of technology being input neutral. Also, the single year estimation makes it possible to compute the contributions of car characteristics and technology improvements to the changes in fuel consumption according to the weighted average of car characteristics for each year in the sample. Following the standard practice in econometrics, we estimate an unweighted specification of the fuel economy equation 13 . The estimation results represent the set of vehicles available in the market. However, we might be interested in the fuel consumption performance of the actual fleet of new registered vehicles. In this case, it would be necessary to weight car characteristics according to sales. Estimating single year equations allows for a posteriori weighting procedure.
In order to simplify notation, we consider only the explanatory variables related to car characteristics, X. Following equation (2), the estimated equation for year "t" can be written as follows:
And for year "t+1":
By averaging over all individual observations, we obtain the arithmetic mean for each variable: 
13 For a discussion of the role of weights see Solon et al. (2015) . Equation (7) decomposes the variation of the average fuel consumption for the car models available in the market in years "t" and "t+1".
Furthermore, if our interest lies in the actual fleet of new registered cars, we can proceed by weighting the characteristics according to the number of vehicles sold by make and model. In this case, we have: 
It must be noted that the weighted average of OLS residuals can be different from zero. That is why an unexplained residual effect is added to the so called mixed effects.
Equations (7) and (10) enable us to construct a set of indexes that reflect changes in fuel consumption, in characteristics and in technology over time, both for the available and the actual fleet of vehicles.
Therefore, firstly we estimate equation (2) assuming that the trade-off coefficients are constant over time and secondly we estimate single year equations to allow for different coefficients. We also find that a 10% increase in engine size causes a 0.3% increase in petrol consumption and a 0.4% increase in diesel consumption. For the same weight and engine size, a four-wheel drive vehicle increases the litres consumed by 100 kilometres by more than 30%. The impact of SUV is higher for diesel than for petrol cars and highest for the biggest SUVs. The fuel efficiency of Minivans is only slightly lower than other passenger cars except for high powered diesel Minivans. Table A .2 in the annex presents the same estimations but with standard errors clustered at the manufacturer level in order to account for possible correlation across models and within manufacturer. As can be observed, clustering involves a reduction in the value of t-statistics which might provide evidence of correlation between error terms within manufacturers. But, on the other hand, as Nichols and Schaffer (2007) point out, the cluster-robust standard error estimator converges to the true standard error as the number of clusters approaches infinity. These authors consider that with a number of clusters well below 50, or very unbalanced cluster sizes, inference using the cluster-robust estimator may be incorrect more often than when using the OLS estimator. In our case, we have 35 clusters that are clearly unbalanced. For instance, for diesel cars the size of the clusters ranges from 4 to 164. Based on the previous arguments, we have preferred to maintain OLS standard errors in the text 15 .
Results

Pooled equations
Nonetheless, all coefficients remain statistically significant when standard errors are clustered at manufacturer level.
Technological change
From the estimates of the annual fixed effects in each of the three previous models, we have constructed an accumulative index of technological change that takes value 1 for the first year in the sample. The index reflects the drop in fuel consumption due to technological improvements. The indexes are plotted in Figure 5 , whereas their specific values are reported in Table A .3 in the annex. For petrol cars, the results are robust to including the dummies for the types of vehicles and the manufacturer-fixed effects, whereas for diesel cars those regressions that include dummy variables for four-wheel drives, SUVs and Minivans show a lower improvement in efficiency. 
Yearly equations
As a second approach, we have estimated single year equations in order to relax the assumption that the trade-off coefficients remain constant over time. Table A .4 in the annex presents the estimation results for Model 1 and 2 16 . According to equation (7), we have decomposed the variation in fuel consumption into three components: technological progress, changes in car characteristics and mixed effects. In order to present the results, we constructed an accumulative index for the three components which, as before, takes the value 1 for 1988 (see Table A .5). All the results presented in this section refer to Model 1; that is, they are conditioned only on weight and engine size. The reason for this is that we are interested in observing the effect of variations in car characteristics on fuel consumption. Since one of the main drivers of changes in characteristics is the purchasing of SUV and similar cars, we decided not to condition on the types of vehicle 17 .
Firstly, Figure 6 compares the indexes of technological progress estimated from the pooled and the single year equations. As can be observed, the two approaches provide almost identical results both for petrol and diesel cars. Therefore, we can conclude that our results are robust to the hypothesis made regarding whether technological change is input neutral or not. 
Decomposition of changes in fuel consumption weighted by car sales
Secondly, the estimated equations can be used to disentangle the role that technological progress and car characteristics have played on the rate of change of the fuel consumption of new registered cars. At this point, since our aim is to measure how the characteristics of the cars actually sold in the market have influenced fuel consumption over time, weighting by car sales is necessary in order to make the analysis sample representative of the target population. Hence, following Equation 10, we have computed the contribution of technology and car characteristics to fuel consumption by weighting the characteristics according to the number of vehicles sold by make and model. Figure 7 shows the decomposition for petrol and diesel cars; the vertical axis plots the index that takes value 1 in 1988. The full set of indexes is presented in Additionally, our data confirms that the energy price spurs technical progress. The aggregate effect amounts to 5.4% and to 4.6% for petrol and diesel vehicles when controlling on the type of cars. This result is consistent with other empirical evidence that finds that energy prices affect innovation. Newell et al. (1999) find that energy prices affected the energy efficiency of air conditioners. Regarding the automobile industry, Knitell (2011) shows a positive correlation between gasoline price and technological progress.
The introduction of the European regulation on emissions for new cars fostered technological change by 4%. However, once we control for the type of cars, the impact of the regulation on car manufacturers rises to 5%. This is an expected result given that when controlling for the type of car, the effect of a change in the mix of type of cars to fulfil the emission constraint is held constant. As regards the lag structure of the impact, we obtain that manufacturers would react quickly and intensively to the adoption of the new regulation. The estimated coefficient decreases over time and drops to zero in 2013. This result is in accordance with both the available literature 21 and the evolution of CO 2 emissions from new passenger cars in Spain. According to the European Environment Agency's technical report (2015), the target established for 2015 was already reached in 2012. Nonetheless, we would like to point out that a dummy variable is a crude instrument to account for the impact of regulation on innovation. Thus, the quantitative results should be taken with caution as the dummy can act as a proxy for other factors that took place in the same period. However, recent papers by Bento et al. (2015), Reynaert (2015) and Klier and Linn (2015) also confirm that emission standards have a significant effect on the rate of innovation.
Finally, we estimate an equation that relates the contribution of car characteristics to fuel consumption with respect to some possible determinants. Changes in car characteristics depend both on consumer preferences and on manufacturers' decisions, yet, our analysis cannot distinguish between these two sources of variation 22 . Since the index has been computed weighting car characteristics by sales, in our view, the effect of consumers' decisions will be predominant. Therefore, we select as the main explanatory variables those that capture demand behaviour. Specifically, we include GDP, energy price and a dummy variable that accounts for the change in the registration tax implemented in Spain in 2008 23 . Nonetheless, we also test if the adoption of the EC regulation in 2009 could have had any effect on characteristics through manufacturers' decisions, without finding any significant effect. The estimation results show that GDP is the main determinant of car characteristics. Although the price of Brent has a negative sign in three of the four equations, it is only marginally significant for petrol cars. That is to say, the economic recession that has affected Spain from 2007 is the main explanation for the demand for less consuming cars. Similarly, the new registration tax does not show a significant effect on consumer decisions. The lack of precision in the estimation of the adoption of a new tax regime can be explained by the difficulties in disentangling the effect of tax reform from the fall in GDP. Moreover, the Spanish government introduced several car scrapping programmes favouring low-consuming cars that cannot be evaluated in our analysis 24 .
In any case, we want to stress that consumers do react to changes in GDP. For petrol cars, a 1% increase in GDP modifies car characteristics in such a way that this translates into a 0.23% increase in petrol consumption. For diesel cars this percentage increases up to 0.35% when we do not control for the type of car, showing that the consumers shift to larger and more powerful cars, such as four-wheel drives and SUVs, when there is an increase in GDP. In other words, consumers' reaction in expansion periods can offset, at least partially, the improvements in vehicle efficiency as a result of technological progress.
Conclusions
This paper provides evidence that there is a clear trade-off between fuel consumption and car characteristics, such as weight and engine size. Specifically, for petrol cars, increasing car weight and engine size by 1% would reduce fuel efficiency by 0.36% and 0.32%, respectively. By decomposing the observed change in fuel consumption, our study shows that technological progress would have improved fuel efficiency by around 30% for petrol cars and 42% for diesel cars had the weight and engine size been held constant at their 1988 values. However, the shift to bigger and faster cars has contributed to an increase in fuel consumption of around 10% for petrol cars and 20% for diesel cars. The higher percentage for diesel cars must be related to the replacement of traditional passengers' cars with four-wheel drive vehicles and alike.
The results are robust to the hypothesis made regarding technological change.
The study estimates a natural annual growth rate of technological progress of around 1.1%. Moreover, we show that rising energy prices prompts the rate of innovation and that the introduction of mandatory emission standards encourages energy-saving technologies. On the contrary, consumers positively react to increases in GDP by buying larger and more powerful cars. For petrol cars, a 1% increase in GDP modifies car characteristics in such a way that this translates into a 0.23% increase in petrol consumption. For diesel cars, this percentage rises to 0.35% when not controlling for the type of car. Accordingly, consumers' reactions in expansion periods can partially offset the improvements in energy efficiency as a result of technological progress. The most worrying results for the cluster option are those related to car brands. The cluster option implies a clearly negative bias, with an average of the distribution of errors equal to -83%, while the robust option seems to be free from bias. Also, the respective percentage of error referring to the absolute values is 83% for cluster and 8% for robust.
Annex 1: Tables
The simulation exercise reveals that in our database a blind application of cluster standard errors can be misleading. So, an eclectic approach consisting of considering both types of standard errors is the strategy followed in the main text. "False cluster" can have an important cost, while "superfluous robust" are almost free of any cost. But the other side of the coin is the negative consequences of employing the robust option when errors are actually clustered at the brand level. These are the reasons why we decided to maintain both the robust and the cluster options. Nonetheless, our conclusions in terms of the statistical significance of the coefficients are invariant to the option selected.
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